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ABSTRACT 

The shrinkage properties of the clay-sand systems have 
been examined. It has been observed that the shrinkage limit 
variation with increasing percentage of clay m the mix for 
any particular grain size of sand takes place m two rates - 
one rate up to a critical packed situation till which state 
all the clay particles occupy the available void space within 
the granular particles and at another rate beyond this criti- 
cal state wherein the clay particles establish continuity. 

As such it is established by the present study that for mont- 
monllonite and kaolinite with sand, the rate of variation of 
shrinkage limit depends upon the state of existence of clay 
particles m the mix (as to whether they are in a continuous 
or discontinuous state). The influence of clay percentage and 
grain size of sand on the shrinkage limit, shrinkage index and 
the swelling characteristics of these clay-sand mixes have 

been studied. The increase in shrinkage index has a tendency 
to increase the spelling activity of the clay-sand mix. With 
finer gram size cf sand in the mix, the critical packing limit 
is attained earlier and the shrinkage index tends to increase 
si l^htly. 

X-ray diffraction studies have also been undertaken 
for the dehydration of pure bentonite and bentonite-sand 
systems and the corresponding lattice variation with time 
has been reported. 
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CHAPTER 1 


INTRODUCTION 

Expansive soils have been causing difficult problems 
m the field of civil engineering. Light building structures, 
highways, canal linings and many #ther structures which are 
founded on or built with expansive soils undergo severe 
shrinking and swelling. In many parts of India for example, 
Madhya Pradesh, Andhra Pradesh, parts of South India and 
certain areas of Orissa, Bihar and West Bengal, such expansive 
soils are frequently met with and cause serious engineering 
problems. 

It is of vital importance to study the intrinsic 
properties m connection with the engineering behaviour of 
such soil to generalise and predict some of its behaviours 
so that necessary steps can be incorporated into the design 
and construction of structures to be built over such expansive 
soil. In soil mechanics the fraction of a soil which is less 
than two microns is designated as clay and is considered to be 
mainly responsible for the physical and chemical behaviour 
which the soil exhibits owing to the colloidal state of 
existence of the particles. 

In chapter 2 a critical review of available informa- 
tion on the swelling and shrinkage of clay has been given, 
m chapter 5 the role of particle size and packing m a 
material system m general has been discussed. Their impact 
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on the shrinkage and density characteristics of a sand clay 
system hr s been brought about through experimental studies 
made on the swelling and shrinkage characteristics of clay 
sand system and discussed m chapters 4 and 5* && attempt 

has been made to investigate the shrinkage characteristics of 
clay sand mixture with time by x-ray diffraction studies m 
chapter 6 . Lastly chapter 7 gives a summary of all the work 
done and brings out few critical conclusions. 

The clay selected for the present study is a Bentonite 
clay from Wyoming, U.S.A. , and the sand selected is a local 
sand obtained from sand pits near Kalpi, Uttar Pradesh. 



CHAPTER 2 


SHRINKAGE MB SWELLING IN CLAY - A CRITICAL REVIEW 
ClaN mineral structure 

The shrinkage end swelling properties of clays are a 
consequence of the structure of clays with the specific change 

distribution m the lattice. In general all the clay minerals 

© 1 . 

are composed of alternate layers silica tetrahedra and alumina 
octahedra. In the silica tetrahedra the silicon atom is equi- 
distant from four oxygens, »r hydroxyls if needed to balance 
the structure, arranged m the form of a tetrahedron with a 
silicon atom at the centre. The tetrahedra are so arranged 
that their tips point towards the same direction with the bases 
forming a hexagonal network (fig. 2 .l). The thickness of the 
unit is 4.93 A. 0 m clay minerals. In the octahedral layer 
aluminum, iron or magnesium atoms are m octahedral coordi- 
nation with six oxygens or hydroxyls (fig. 2.1 ). When aluminum 
is present, only two thirds of the possible positions are filled 
to balance the structure (Gibsite layer). When magnesium is 
present all the positions are filled to balance the structure 
(Brucite layer). The thickness of the octahedral unit is 
5.05 A 0 m clays. 

In kaolimte, the unit layer is composed of a single 
silica tetrahedra sheet and a single aluminum octahedral 
sheet combined m a unit so that the tips of the silica tetra- 
hedra and one of the layers of the octahedral sheet form aCLsif) 
common layer. The tips of the tetrahedra point towards the 
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FlG.2laDIAGPAMMAT 1C SKETCH SHOWING (a) SINGLE OCTAHEDRAL 

UNIT AND(b) THE SHEET STRUCTURE OF THE OCTAHEDRAL 
UNIT 
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FIG2lb DIAGRAMMATIC SKETCH SHOWING^) SINGLE SILICA TETRA- 
HEDRON AND (b) SHEET STRUCTURE OF SILICA TETRAHEDRA 

ARRANGED IN A HEXAGONAL NETWORK. 



FIG.2-2 DIAGRAMMATIC SKETCH OF THE STRUCTURE OF THE 
KAOLINITE LAYER, AFTER GRUNER. 0932) 
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FIG.2-3 DIAGRAMMATIC SKETCH OF THE STRUCTURE OF MONTMO- 
RILLONITE ACCORDING TO HOFMANN, ENDELL,AND WILM, 
MARSHALL AND HENDRICKS. (1933 , 1935,1942) 
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centre of the unit. In the common layer for tetrahedral and 
octahedral sheets two thirds of the atoms are shared by the 
silicon and the aluminum and then they become 0 m stead of 
OH. The aluminum atoms are so placed that two aluminums 
are separated by an OH above and below. The atomic planes m 
kaol mite are 


Charges 


Si-tetrahedron 


A1 -octahedron 


'6 0~ 2 

- 12 


4 Si +4 

+ 1 6 


— 


- 28 

'40+ 2(0H) 

- 10 

+ 28 

4 Al +5 

+ 12 


(OH) 

- 6 _ 



Prom the above distribution of charges m the structural unit 
of kaolimte it is evident that the charges are balanced and 
the kaolimte sheets are neutral. This neutral state of the 
kaolimte unit accounts for its least cation exchange capacity 
and absence of activity. A regular stacking and closed spacing 
of layer causes a relatively strong bond between successive 
layers which accounts for the absence of mterlayered water. 


As contrast to kaolimte montmomllomte is a three 
layered clay mineral. The structural unit for montmomllomte 
consists of a central alumina aoctahedral sheet sandwitched (f ig.2 .3 ) 
between two silica tectrahedral sheets, the tips of the tetra- 
hedra m both the sheets pointing towards the centre of the 
unit. The atoms common to both the tetrahedral and the 
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octahedral layer become 0 instead of OH. The theoretical charge 
distribution (Carroll*® 1959) without considering substitution 
within the layer, is as follows: 


Charges 


Si-tetrahedron 


6 O' 


-2 


+4 


Al-octahedron 


Si-tetrahedron 


4 Si 
4 0 -2 2(0H) 
4 Al +5 
4 0" 2 2 (OH) 
4 Si +4 
6 0~ 2 


-12 
+1 6 
-10 
+12 

-10 

+16 

-12 


+ 44 

layer common to tetra- 
hedral or octahedral 
sheets 

layer common to tetra- 
hedral or octahedral 
sheets 
- 44 


However such a theoretical charge distribution is very rare m 

montmorillomte. Normally the lattice is always unbalanced by 

2+ 3+ 3+ 4+ 

substitutions like Mg for A1 , A1 for Si . The unbalancing 
may result from substitution of ions of different valencies m 
both the octahedral or tetrahedral sheets. Many analysis have 
shown the net charge deficiency to be 0.66 per unit cell. This 
change deficiency corresponds to about two thirds unit per unit 
cell. This net charge deficiency is balanced by exchangeable 
cations adsorbed between the unit layers or adsorption of water 
or other polar molecules between the layers. Consequently the 
cell dimensions for montmorillomte m C direction alter during 
the process of balancing of structure. The taking of inter- 
layered water between the montmorillomte lattice is facilitated 
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by the poor bonding between the different layers. Rot^ (l95l) 
has shown that the important physical charqctenstics of clays 
composed of montmonllonite are related to the regularity or 
randomness of the inter- layer water layers. 

Thus it is evident that the swelling m expansive clays 
(with montmonllonite as principal clay mineral) is due to 
cation exchange and/or hydration which are a consequence of 
the crystal structure. The crystal structure of kaolinite 
together with the regular stacking and a stronger bond between 
individual layers explains the least exchange capacity and 
paucity of inter-layered water for kaolinite. During dehydra- 
tion m expansive clavs due to the expulsion of the inter- 
layered water shrinking of the lattice is considerable. This 
accounts for greater shrinkage for clays containing montmorillo- 
nite as the dominant clay mineral as compared to the clays with 

kaolinite as the important constituent. k detailed account of 

23 

the mechanism of swelling m clays has been reported by Finn , 
Ladd4J- Low^® Dennmg^f Macewan^? Nornsh®® Barshad®, Seed? 
Ruiz®®, and Mackenzie®®. 

2 .2 Measurement of swelling and shrinkage properties 

Many attempts have been made to measure the amount of 
swelling m an expansive clay in the laboratory. Earnest 
Pitcher-*-®, Rengmark and Emotion®^, Holtz and Gibbs®®, Wiseman 
and Joseph^, Nagarajan and Sundararaman®® , Blomquist and 
Portigo® and Lamb and Ladd^have measured the vertical 


/ 
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swelling m soils by different methods with or without sur- 
charge pressure. Bruizm^ has measured expansion per unit 
mass by volumenometer. Parcher and LruGO have developed 
apparatus to measure independently the vertical and horizontal 
swelling. Ring®® has measured volume change of a soil when 
it achieved equilibrium condition after cyclic wetting and 
drying. 

All the soils which show high expansive nature are 
liab'e to shrink more. Measurement of the swelling of soil 
by any of the methods mentioned from the minimum volume of 
the soil to its maximum volume also indirectly gives the order 
of maximum range of shrinking of a soil. In attempting to 
predict the shrinking characteristics of a soil the knowledge 
of the fundamental shrinking properties like shrinkage limit, 
shrinkage ratio etc. is necessary. The different methods 
suggested by various investigators to calculate the shrinkage 
properties m the laboratory and m praotice m different parts 
of the world are listed below. 

1 ) Linear observation method after Tempany 77 

2) Bar linear shrinkage test after Heidema29 

3) Direct mercury displacement or shrinkage limit 
method by Akroyd3 

4) Mercury displacement or magnification method 
by Pur 16 2 

5) Gas displacement method by Mathur and Singh? ^ 



shrinkage lines for different 



FIG2-4 RELATIONSHIP BETWEEN SHRINKING 

AND m/c (AFTER HAFELI & AM BERG, 1958) 
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6) Direct displacement method a modification of A.S.T.M. 

procedure 

7) Optical projection method 

8) Consolidation method using Odeometer 

Of all these methods those suitable for normal labora- 
tory practice are: 

1) Modified A. S.T.M$ 4 method 

2) Direct Mercury displacement method 

3) Puri’s method 

Some salient points m connection with shrinkage are 
put here- as discussed by Morgan?^ The S.L. depends to some 
extent on the initial moisture content. Shrinkage limit of 
a soil having initial moisture content near liquid limit may 
differ from shrinkage limit of a soil having initial moisture 
content less. Care should be taken that there should be enough 
water initially to avoid any air bubble m side the soil. Hafeli 
and Mberg^O noticed that the S.L. of a soil prepared at higher 
initial moisture content is greater than that for same soil 
prepared at lower moisture content. But they observed that all 
shrinkage lines m the 1 st phase of the shrinkage process when 
produced back, met at a ccmmon point (fig. 2.4) called the 

<1 

shrinkage centre, irrespective of the initial moisture content. 
These investigators pointed out that m addition to shrinkage 
limit and shrinkage ratio the shrinkage factor which will be 
same for a particular soil may also be a possible indicator 
for the volume change characteristics of the soil. 



y 

2 .3 Prediction of magnitude of swelling 

The methods used for measuring the swelling of an 
expansive clay are time taking. So prediction of the amount 
of swelling out of the available physical properties of the 
soil is essential. 

Before trying to discuss on the prediction of magni- 
tude to which an expansive soil nay swell it is necessary to 
know the factors which control this behaviour of the soil. 
From the available literature these factors 

are: 

1 ) Type of clay mineral and its amount m a soil 

2) The nature of exchangeable cation m a clay-mineral 
structure 

3 ) Dry density, initial -water content and the method 
of compaction 

4 ) Nature of pore fluid (mainly the electrolyte 
concentration m it) 

5) Test conditions like: shape and size of sample, 
confining conditions, temperature etc. 

6) Present and past loading conditions on the soil 

7) Particle size and its distribution 

The most important of all these is the clay content and its 
type. The type of clay is taken care of by the mechanical 
properties of clay like liquid limit, plastic limit, shrink- 
age limit etc. On this basis many investigators have tried 
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to predict the swelling characteristics of clay m terms of 
these mechanical properties. 

q ft 

Holtz and Gibbs' 5 present the analysis of 38 undis- 
turbed soil samples. Out of two samples from each type of 
soil, placed m a consolidometer ring, one is ^ried m air 
to atleast shrinkage limit and the other is allowed to swell 
under 1 p.s.i. loading. The difference between air dry volume 
and the maximum saturated volume of the sample indicates the 
maximum volume change. 

The limits for various degree of expansion (low, medium, 

. 36 

high and very high) as obtained by Holtz and Gibbs for the 

different clay % together with the respective plasticity index 

and shrinkage limit are indicated m table 2.1. The soil used 

by them was from Fnant-Kem Canals, California. 

Table 2.1 


Colloid 

content 

-0.001 

mm 

Pi asticity 
Index 

Shrink- 

age 

Limit 

Estimates of pro- 
bable expansion 
(fo total vol. 
change dry to 
saturated) 

Degree of 
expan- 
sion 

>27 

CVJ 

A 

< 10 

>30 

Very high 

18-37 

23 - 45 

6-12 

20 - 30 

High 

12-27 

12-34 

8-18 

10 - 20 

Medium 

<17 

< 20 

>13 

<10 

Low 



A similar classification for the different degree of swelling 
is given by Altmayer^ based on the values of linear shrinkage 
(table 2.2) 

Table 2.2 


Linear 

Volume 

shrinkage^ 

change 

>8 

Critical 

5-8 

Marginal 

< 5 

Not critical 


Jennings and Knight used consclidometer to predict the total 
heave and the process is termed as Double Odeometer test. 
Simultaneously two consolidometers are used. In one the sample 
is saturated under specified load (0. 01 T/sq.' ) till the swelling 
stabilises. Then both the samples are subjected to normal load- 
ing under regular intervals to get the voidratio-log p settle- 
ment curves. Then the amount of swell is calculated as total 
heave minus total settlement using normal settlement theory. 

13 

Mention has already been made about Bruizin' s volumeno- 
meter to study swelling m terns of specific expansion. Here 
specific expansion against moisture content is read for given 
confining pressure. If the specific volume changes from v^ 

to v then the amount of heave is given by 
J 
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when the expansive layer extends from depth to z^. 1° 

perform this test the vertical and lateral confining pressures 
should be maintained equal to that actually existing in the 
field. 

Lamb and Ladd^ classify the type of swelling in a soil 
from tjie potential volume change (P.V.C ) which is based on 
the measurement of P.I., equilibrium water centent at IOC ffo 
relative humidity, change m height of the sample as percen- 
tage initial height under 200 p.s.f. and the volume change 
from field moisture equivalent to shrinkage limit. 

Table 2.5 


Category 
of swell 

P.V.C. 

speci- 

fied 

P.V.C. 

H 200 

P.I. 

W 5 

100 

r ~v 

jf #m • e • s * 1. • 

Non- 

critical 

2 

2 

5 

15 

6 

15 

Marginal 

2 - 4 

4 

11 

25 

11 

24 

Critical 

Very 

critical 

4 - 6 

6 

6 

17 

55 

16 

53 

The 

swelling cf two 

similar 

soils 

may differ 

very much 


depending on the moulding water content, dry density, method of 
compaction, different climatic conditions to which they are 
subjected to and the confinement and the loading conditions 
under which they will swell. So Seed, Woodward and Lundgren^ 
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have adopted standardised procedure for assessing the expan- 
sion of a swelling soil. In this connection it is worthwhile 
to define the terms Swelling Potential and activity of the 
clay. The Swelling Potential is the percentage of swell of a 
laterally confined soil sample on soaking under 1 p.s.i. sur- 
charge after being compacted to the maximum dry density at 
optimum moisture content m standard AASHO compaction test. 
Activity as defined by Skempton ( 1 953) 1S the rate of change 
of P.I. with respect to clay content. Based on the test 
results of S.P. for several artificially prepared soils by 
mixing commercial clay minerals with sand in various propor- 
tions to get many verities of soils, it has been shown that 
a well-defined relationship exists between of clay m a soil 
the activity of the soil and the swelling Potential itself. 

The Swelling Potential is expressed in terms of activity and 
clay percentage as 


S = 3.6 x 10 " 5 A 2 * 44 C 5 ' 44 

where A is activity and C is clay content m soil. For arti- 
ficially prepared soils. with C varying from 19 to 70 the appro 
ximate S.P. m texms of P.I. only is given as 


S = 3.6 x 10 ~ 5 x 100 (P.I .) 2 * 44 

According to the authors this gives value of fa which deviates 
by + 2C rfo from the value of S as calculated from the first 
relation. To classify a soil with respect to S.P. it is more 
important to categorise a soil whether it possesses high, 
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medium or low swelling characteristics. Eor this the above 
approach furnishes reasonable accuracy. These authors have 
computed a chart from the 1st equation for a wide range of 
soils and the chart is believed to give reasonably accurate 
result to serve the purpose. 

It has been pointed out by Clisby^ that out of two 
samples one compacted at optimum moisture content and the 
other compacted at optimum moisture content and desiccated, 
the swelling potential of the desiccated sample will be more 
compared to the previous one. This sounds more reasonable 
since c.m.c. of any clayey soil will be likely on the higher 
side of the shrinkage limit cf the soil where the soil should 
have a minimum volume. Earlier to this Holtz^S also proposed 
that S.L. should be a parameter to predict swelling potential. 

Satyanaxayana and Ranganathan © also suggested that 
Shrinkage Index which they define as the difference between 
the liquid limit and shrinkage limit, will be a more justi- 
fiable parameter for evaluating swelling potential since a 
soil will have minimum volume at shrinkage limit and the 
difference between the L.L* and S.L. will give the direct 
measure of volume change of significance m engineering 
practice. On similar lines as Seed and others these authors 
derived the relation 

S.P. = 4.57 x 10 -5 x (S.A.) 2 * 67 C 5 * 44 
where S.A. is the rate of change of Shrinkage Index with 




CIENT K i SWELL ACTIVITY F0| 
EXPERIMENTAL SOILS. (AFTER 
SATYANARYANA J 1965). 



FIG2-7.RELATI0NSHIP BETWEEN SWELLING 
POTENTIAL AND CLAY FRACTION. 
(AFTER SEED ETAL, 1962) 






respect to clay content. A precise derivation of the above 
empirical formula is presented here. From the experimental 
curve obtained m fig. 2.7 a relation can be presented as 

as S.P. = K C X 

or log S.P. = log K + x log C 

where log K is intercept on the horizontal axis and x is the 
slope of the line observed to be a constant for any type of 
clay, x is found to be 5*44* Plotting K versus activity A 
obtained frcn figs. 2.7 and 2.5 it is observe ' 1 that a linear 
relation is obtained m fig. 2.6 from whore 

K = 4.57 x 10 ~ 5 (S.A .) 2 * 67 
so the expression for S.P. converts to 

S.P. = 4.57 x 1(f 5 x (S.A .) 2,67 C 5 ’ 44 

where S.A, = S.I./(C-n) (from fig. 2 . 5) n being the intercept 
on the horizontal axis of the S.I. - C relation. For soils 
included m the authors studies the average value of n was 
found to be 13 for soils with clay varying from to "JOfo, 

For soils with clay $ m this range the S.P. can be expressed 
m terms of S.P. only as 

S.P^ = 263 x 10 _5 x (S.I .) 2, 67 

For soils with clay content lying within the same range the S.P. 
as reported by the authors if calculated from the above expre- 
ssion gives an error within + 22 ^ of that calculated from the 
1 st expression. 
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W. Ring 66 has given an alternate wetting and drying 
procedure for evaluating shrink-swell potential and this has 
already been discussed before. Since this procedure also 
requires long time to complete Ring suggests a rapid alternate 
approach to predict the shrink-swell potential. He observed 
that a well-defined relation is maintained between shrink- 
swell potential and the linear shrinkage of the sample so 
that by performing only linear shrinkage test a reasonable 
approximation can be made for the required potential value 
of the clayey soil. 

Kackar and Sengupta 39h ave developed a useful and 
time saving procedure for predicting swelling potential of a 
clayey soil by dye adsorption method. This method can be 
used m the field as well as m the laboratory. The swelling 
studies were conducted on remoulded samples compacted by 
standard A.A.S.H.O. test and allowed to saturate under 1 p.s.i. 
surcharge. Methylene blue was used as an adscrbate m this 
investigation. One gram of the sample was treated with 0.2$ 
solution of the dye with gradual intermittent stirring till 
it was m slight excess. The unadsorbed dye was removed and 
the dye adsorbed was estimated by Hilger' s microptic calori- 
meter. A linear relation was obtained between the S.P. and 
the dye adosrption for each of the three types of clay - 
bentonite, lllite and kaolimte. The relations obtained 
between the S.P. and the amount of dye adsorbed are: 

S.P, = 14155 for kaolimte 
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S.P. = 18953 D 2 * 55 for illite 
S.P. = 34577 D 2 *^ for bentonite 
where D is the amoisit of dye adsorbed by the sample. The 
authors have applied this procedure to field soils like 
black cotton soils and alluvial soils and the results are 
found very satisfactory. The authors report for soils below 
5C tfo clay ccntent the dye adsorption method is very satis- 
factory. 

2 .4 Prediction for shrinkage 

The lower bound of shrinking of a soil is fixed since 
beyond S.L. the soil does not shrink any more. So if moisture 
content and void ratio at any instant is known for a soil, the 
minimum volume it can attain can be estimated if the S.L. and 
shrinkage ratio values are known. So a tentative indication 
of a possible shrinkage movement at the surface of a soil 


can be obtained 
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CHAPTER. 3 

ROLE OP PARTICLE SIZE AM) PACKING IF A MATERIAL SYSTEM 

The shape and size of particles, the size distribution 
of particles and their way of packing have got a great bearing 
on the physical properties of a material system. Many investi- 
gators have studied the influence of particle size and its 
distribution on the intensity of packing and consequently 
their effect on the physical properties of a mixture of 
materials. 

In all the investigations the particles have been 
assumed to be ideal spheres and the effect of their size and 
distribution on the effective mass of the system have been 
studied mathematically and the theoretical conclusions have 
been verified for commercial mixes. 

Smith 76 has calculated the minimum void volume for 
different types of close packings. Furnas ^6 has considered 
the case of mixture of particles of different sizes where the 
void m the larger particles will as a rule be occupied by 
smaller ones and consequently be less than the voids in pack- 
ings of separate components. He concluded mathematically that 
m a system of multiphase components the greater the size range 
of particles, the greater is the density. Later Hudson ^ and < 
Wise 85 also reached the same conclusions. Hudson ^ studied 
the density and packing m an aggregate of mixed spheres. In 
a mixture which consists of equal spheres only will have an 



.THEORETICAL DENbtTY 



FIG 3 BINARY MECHANICAL PACKING OF COARSE 
STEEL SHORT WITH SOME OTHER SIZES 
(AFTER McGEAKY, 1961 ) 
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interspace volume of about 2 &fo at the densest packing. This 

T6 1.0 

has also been reported by Smith Boerdijk , that is effec- 
tive density will be 0.74 which can be best attained by rack- 
ing of equal spheres. In this densest state if smaller spheres 
can be inserted into the interspace of the bigger spheres 
without increasing the volume of the mix then the effective 
density is suppose to increase. Wise has prove & mathemati- 
cally that the mean density cf the mix can be increased ever 
0.74 (as mentioned earlier) if the mix will have a wide range 
of spheres of various sizes, at the densest packing state. 
McGeary^^has conducted tests on binary and ternary homogeneous 
mixes and reported curves (fig. 3 ) for density versus percen- 
tage of coarse or finer particle m the mix. The material 
selected for this study was metal balls. At a densest packing 
attained by mechanical vibrations it was observed that peak 
density was attained at 20 - 4^6 finer material m the mix 
similar to that reported by the previous investigators. It 
was also observed that as the size of the finer material de- 

creases the intensity of peak density increases. He z end 1 ok a 

S£S 

has come to the same conclusion as Wise even for heaps of 
spheres of limited number of radii. According to him incre- 
ment m mean density is possible by random dense packing of 
spheres with a discrete distribution of radii. 

Prom the above mentioned investigations it can be 
noticed that no study has been done to study the behaviour 



of a mixture having one or more chemically active components 
with respect to grain size and packing. The study on varia- 
tion of density and other properties should be done for such 
cases which are frequently met with. Seme of the important 
conclusions drawn from the foregoing discussions are: 

1) In a mix of particles of all equal spheres the minimum 
void attainable at the densest state is 2&fo i.e. mean 
density is 0 . 74 * 

2) When spheres of smaller size are mixed with the above 
system they occupy the voids inside the bigger spheres 
and the void reduces with increase m mean density. 

3 ) In a binary mix if the finer particles are made still 
finer the density increases further. 

4 ) In a binary mix or m a mixture of higher cider if 
the finer sizes maintain various grading the density 
increases. 

5) In a mixture of higher order the higher is the range 
of particle size the more is the density. 

6 ) Beyond a certain percentage of finer material m a mix 
if it still increases then the finer materials will be 
m a state of continuity and the mean density of the 
mixture will decrease with effective increase in volume 
of the total mixture. 

The bearing of these reports on the packing of a clay- 
sand mixture as observed from its shrinkage limit values has 
been discussed in chapter 5 * 



CHAPTER 4 


SWELLING CHARACTERISTICS OF CLAY-SAND SYSTEM 

A short review of the past investigations done on the 
swelling characteristics of clay has already been made m 
chapter 2. In predicting the swelling potential of clay, 
Seed^and others have established empirical formula for swell- 
ing potential m terms of clay content and activity of clay. 
Later on Ranganathan and SatyanarayanJ?3suggested that shrink- 
age index should be used instead of plasticity index m 
predicting the swelling potential of clay. Holtz and Gibbs' 50 
also suggested the use of shrinkage limit value to predict 

the swelling behaviour of clay. The definition of activity 

63 

according to Ranganathan and Satyanarayana is the rate of 
change of shrinkage index with respect to change m clay 
content in the soil. Shrinkage index has already b«sen de- 
fined as the difference between the liquid limit and shrink- 
age limit. The development of the empirical formula for 
swelling potential as derived m chapter 2 on the basis of 
experimental results is based on the assumptions that the 
clay content shrinkage index relation is linear and unique 
for a particular type of clay irrespective of the size and 
gradation of the inert component in the soil. So such a 
relation claims that the swelling potential of an expansive 
soil is the same whatever the gradation and nature of the 
inert component be so long as the type and amount of clay 



22 


is same. The sand taken for the above study was between B.S. 
14 - B.S. 550* This covers a wide range of sizes. Still m 
nature fine sand clay mix or even silt clay mixes may be 
expected. 

It was proposed to check the validity of such assum- 
ptions as mentioned above and the present investigation was 
made with a view to see whether size and gradation of sand 
has got any bearing on the swelling activities of an expan- 
sive mix. 

For this purpose sands of various sizes were selected 
between sieve numbers: 



B.S. 

36 - 

52 

average 

size - 0.359 m.m. 

B.S. 

52 - 

72 

average 

size - 0.255 m.m. 

B.S. 

72 - 

120 

average 

size - 0.168 m.m. 

B.S. 

120 - 

150 

average 

size - 0.114 m.m. 

B.S. 

150 - 

200 

average 

size - 0.090 m.m. 

B.S. 

200 - 

350 

average 

size - 0,060 m.m. 


Each of this sand was mixed with commercial Bentonite clay 
(obtained from Wym mg, U.S.A.) to various percentages of 
clay. The percentages of clay m the mixture were 5» 10, 

20, 30 , 40, 50 and 70. So for each gram size level sand, 
seven types of sand clay mixtures were obtained. The liquid 
limit and the shrinkage limit values were calculated for 
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each soil and the shrinkage index values were obtained and 
tabulated m table 4* ”1 • 1 plot of clay percentage against 

shrinkage index values for all the six types of sand sizes 
are shown m figure 4*1* 

4 .2 Observations 

(1) The shrinkage index varied significantly and linearly 
with respect to increase m clay content or decrease in sand 
content m the mixture. 

(2) With decrease m the gram size of the sand m the mix, 
at any clay % level of the mix the shrinkage index does not 
deviate much but increases by a small amount. 

( 3 ) In figure 4*2 it was observed that the variation of 
shrinkage index with increase m gram size of inert material 
is nearly linear and the rate is low as it should be expected. 

4.3 Discussion 

From the observation of the shrinkage index-clay 
content curve it is obvious that shrinkage index maintains 
a linear relation with clay content but not at very low 
clay percentage. It can be stated that approximately up to 
1 5$ clay the relation is non-linear and after this the 
linearity stabilises. The linearity of the relation is 
not disturbed by the variation of the non-clay fraction 
which of course is slightly responsible for increasing or 
decreasing the slope of the shrinkage index clay content 




5 10 30 50 70 

Bentonite % 


FIG. 4-! VARIATION OF SHRINKAGE INDEX WITH CLAY PERCENTAGE 
FOR BENTONITE SAND SYSTEMS 




FIG 4-2 VARIATION OF SI WITH PARTICLE SIZE OF 
SAND FOR VARIOUS CLAY'/. 
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line. So the activity of the soil isonly slightly affected 
if the non clay fraction changes from very fine size to a 
coarse size. 

This increase m the shrinkage index value of the 

soil with the decrease m sand size is m accordance with 
45 

LeFevre's report on soil plasticity dependence on surface 
area. According to his report from the study of a variety 
of soils there is a linear correlation between specific sur- 
face area, liquid limit and plasticity index. In the present 
study when the sand size decreases the total surface area 
increases and hence there is an increase m liquid limit and 
consequently the shrinkage index, since the shrinkage limit 
is very small compared to liquid limit. 

The average value of ’n 1 in the empirical formula 

59 

derived for swelling potential by Satyanarayana was about 
13* The 'n' has already been explained as the intercept on 
the clay content axis of the shrinkage mdex-clay content 
relation. The line corresponding to bentonite only showed 
a value of 'n' about 7 in the previous investigations. In 
the present study the value of 'n* for bentonite only is also 
found to be nearly 7 if the non-linear portion of the line 
below 15 i° of clay content is neglected. 

A complete investigation of the above mentioned empi- 
rical formula for swelling potential taking the variation of 
sand size into account has not been pursued and deserves 


further study. 
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CHAPTER 5 

SHRINKAGE CHARACTERISTICS OP SYSTBSS 

The physico-chemical properties of multiphase mixtures 
cannot always he obtained by simply averaging of the properties 
of the individual phases. For such composite materials, the 
properties of the system are influenced by the state sof exis- 
tence of the phases involved. Studies in this direction for 

the properties of the various multiphase materials for Indus- 

24 / \ 5 ^ 

trial usage were reported by Francl and Kingery (1954) , Metzner 

52 

(1956), Meredith and Tobias ( 1962 ). Investigations have also 

been reported on mixing and packing m a multiphase system by 
26 59 76 81 

Furnas (l95l)» Oyama (1959), Smith ( 1929 ), Westman and Hugill 

82 37 85 

(1950), White and Walton (1957), Hudson (1949) » Wise (1952), 

16 80 17 49 

Boerdijk (1952), Weidenbaum (1958), Deresiewicz (1958), McGeary 
34 

(l96l), Hogendijk ( 1965 ) etc. In the present investigations, 
variations m the shrinkage limits of various clay-sand mixes 
have been investigated and explained m terms of state of exis- 
tence of these two participants. 

5.1 Experimental investigations 

The properties of the bentonite, kaolimte and sand used 
in the present investigation are shown m table 5*1* 


Table 5-1 

Properties 

Bentonite 

Kaolmite 

Sand 

L.L. 

640 

51 


P.L. 

60 

50 


S.L. 

10 

25 


Sp. Gr. 

2.5 

2.52 

2.65 
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The sand has been fractionated into six gram size groups: 
36-52, 52-72, 120-150, 150-200 and 200-350 mesh ranges on the 
B.S. sieve. With each of these sand, mixtures of bentonite-sand, 
kaolmite-sand have been prepared with varying percentages of 
clays as indicated m table 5*2 (for bentonibe) and 5-3 (for 
kaolinite). Shrinkage limit for all these mixes at each of the 
above gram size levels of sand have been determined m the 
laboratory adopting conventional procedure (A.S.T.M. standards, 
1958)- The results are indicated in table 5*2 and 5*3 and the 
values of shrinkage limit are plotted against clay percentage 
m figs. 5*1 and 5*2. 

5.2 Results 

Bentonite-sand system 

At any gram size level of sand, the trend of variation 
m the shrinkage limit values for bentonite-sand mixes is as 
follows: 

1) With increase in percentage of bentonite, shrinkage 
limit initially builds up and attains a maximum value (fig. 5»1» 
table 5.2). 

2) After the maximum value of shrinkage limit is attained, 
any further increase m the bentonite percentage brings down 
the shrinkage limit value at a relatively rapid rate. 
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Bentonite Shrinkage limit values for different sand sizes 

m the 36 - 52 52 - 72 72 - 120 120 - 150 150 - 200 200 - 35* 

mixture B.S. B.S. B.S. B.S. B.S. B.S. 



KAOLIN ITE % 
FIG. 5-2 



KAOLINITE SAND SYSTEM. 
PARTICIPATING SAND SIZES'. 
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Table 5*3 


Kaolmite 

Shrinkage 

limit values 

for different 

sand sizes 

$ m the 
mixture 

36-52 

72-120 

J23-150 

150-200 

20 

16.3 

17-6 

17-9 

18 

23 




16.9 

27 

13-3 

14-1 

15 


30 

12.1 

14-5 

14.9 


33 

12 

13.8 

15 

16.5 

36 

12.2 

14.5 


16.6 

40 

13.5 

14.1 

15.5 

16.8 

50 

15 

15.2 

16.05 

17-2 

70 

17.6 

17-9 

17.6 

18. 3 
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3) At higher levels of clay participation the shrinkage 
limit curve flattens, with a tendency for the values to approach 
that for pure bentonite (fig. 5«l)* 

4 ) With finer grain sizes of participating sand m the mix, 
the maximum value of shrinkage limit for the system is attained 
earlier (with comparatively lesser amount of participating clay). 

Kaolinite-sand system 

However with kaolinite instead of bentonite the trend 
of changes in the system as evidenced from fig. 5*2 are somewhat 
different and as follows: 

1 ) An initial and gradual decrease m shrinkage limit for 
the system with increasing kaolinite participation up to a 
certain limit (depending on the gram size of sand m the mix). 

2) The shrinkage limit attains a minimum value at certain 
clay percentage. 

3) Any subsequent increment in participating clay builds 
up the shrinkage limit until it approaches the value of that 
of pure kaolinite. 

4) It can also be seen from fig. 5*2 and table 5*3 that 
the minimum value of shrinkage limit attained for any clay- 
sand mix depends also on the gram size of the participating 
sand. With finer gram sizes of sand the minimum value of 
shrinkage limit is attained earlier and shape of the variation 


curve is also modified. 
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5) Where as the peak values of the shrinkage limit for 
bentonite-sand systems for different grain sizes of sand are 
attained with bentonite varying m amount 12 $ - 2C$ (fig. 5*0* 
for kaolmite-sand systems the corresponding critical values 
of shrinkage limit are attained between 23 $ - 35f° (fig* 5*2). 

5.3 Discussion 

The clay-sand system is a heterogeneous one and can be 
approximated to a binary mix with two gram-size phases parti- 
cipating. One of the components is extremely small in size 
(of colloidal clay) and the other is coarser (sand) size. The 
state of packing and theoretical critical density distribution 

for such a binary system of spheres has been reported by 

49 49 

McGeary (l9&l). As already stated in Chapter 3? McGeary 1 s 

studies involved packing induced by mechanical means. Both 

the constituents m the binary system in his investigation were 

of the same composition and of inert material. As such the 

49 

present study differs from MuGeary’s work from the following 
aspects: 

1) The present system involves multiphase components with 
differing gram sizes. 

2) One of the components (bentonite) is active m presence 
of water m case of benttmt e-sand systems. 

3 ) The state of packing is induced naturally during dehy- 
dration and shrinkage of ifhe clay-sand system with water. 
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4 ) The specific gravities of the two different components 
along with the percentage levels of the participants would con- 
trol the hulk density «f the mixture. While the critical pack- 
ing and maximum density of the system coincide in a homogeneous 

49 

binary system (such as the one studied by McGeaxy) it need not 
be so m the case of a heterogeneous system (with two phases of 
differing compositions and specific gravities). 

It has already been discussed m Chapter 2, that kaolmite 
because of its electrostatic neutrality is inert in its relation 
to water while montmonllonite (a predominant constituent of 
bentonite) adsorbs water into its lattice due to weaker bonding 
in its interlayered space as also due to charge defficiency. 

As such, during shrinkage studies of these materials with sand 
in presence of water, it is useful and necessary to conceive 
the behaviour of clay sand-systems as follows: 

I. Systems with one component active and the other inert 
(inert-active system) 

The moisture that is involved m the dehydration would be 
not only pore water but a substantial amount also present as 
lattice water m montomonllonite. As such the system beha- 
viour would depend on the dehydration conditions existing m 
the system. Since the active component shrinks considerably 
during dehydration, there is a tendency for the system surface 
to be hard and consequent Isolation of the trapped active 
component in the available pore spaces of the coarser inert 
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component at lesser clay levels, thus retarding dehydration 
to certain extent. However if the active component dominates 
in the system so as to be m continuity at every place within 
the system as also through the system surface with the outside, 
rapid dehydration is possible with the active component loosing 
considerable moisture. Consequently shrinkage would also be 
very prominent in the mix. The extreme example of such a case 
is either a montmorillonite-sand mix with very minor sand con- 
tent or a pure montmonllomte clay. In both these cases, the 
shrinkage is considerable and shrinkage limit is quite low. 

II* Binary systems with both components inert 
(inert-inert system) 

In this system, since both the components are inert m 
presence of water, the moisture that is involved m the dehy- 
dration of the system would he mainly the pore water m the 
voids with a thin film around individual particles. In such 
a case, if the voids of sand are gradually filled with increas- 
ing clay, the available pore space for moisture decreases and 
under the densest critical packing in the clay-sand system, 
the moisture at shrinks ge limit would be the least. 

With the above models, the trend of variation of the 
shrinkage limit values for any clay-sand mix can he explained 
as follows: 

(a) Bentonite-sand system 

This is equivalent to a heterogeneous system having one 
component active and the other inert. In such a system with 
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low clay percentage m the clay-sand mix* the clay woald occupy 
the voids created hy the packing of the coarser sand component* 
when the coarser sand particles are drawn together into physical 
contact during dehydration and shrinkage* In such e situation* 
the sand particles would he m a state of continuity while the 
clay particles m the void remain in a discontinuous state* 
Consequently the clay m the system has only a minor influence 
over the shrinkage limit of the system* Dehydration of the 
trapped clay would also be dependent on the environmental 
condition of the interior of the system whose surface is almost 
sealed off due to the complete dehydration of bentonite and 
consequent hardening of the surface of the system. Further 
addition of bentonite to the system, so long as clay continues 
to fill the voids during shrinkage process m the system* would 
contribute to the building up of shrinkage limit. 

A critical packing condition ?jould occur when all the 
sand voids are filled to the maximum by the participating clay 
particles. Such a situation corresponds to inflexion points 
in the curves shown m fig. 5*1* farther addition of clay 

however would bring drastic changes m the property of the 
system* During shrinkage* as the particles are drawn together* 
the finer clay particles m addition to filling the voids also 
occupy the intergranular space of the sand grains. As such 
the clay particles are no longer m a state of discontinuity 
and greater dehydration of the bentonite m a bentonite-sand 
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system xs then possible. All the clay particles would be in a 
state of continuity with each other and with the system surface. 
The system undeil such circumstances would be influenced to a 
major extent by the participating clay. The shrinkage limit 
would now be lower due to the physical continuity and consequent 
rapid dehydration of bentonite. With further addition of clay 
to the mix, the system would have a tendency to rapidly attain 
the shrinkage limit of pure bentonite as shown m figure 5*1* 

(b) Kaolmite-sand system 

This system corresponds cfo the inert-inert system des- 
cribed m the preceding paragraphs. At lower percentage levels 
of kaolinite in the kaolmite-sand mixes, the kaolmite occupies 
the voids created by packing of the sand particles and the sand 
particles are m continuity. Since the pore water is the mam 
moisture, the shrinkage limit for different mixes with increasing 
kaolinite in these sand voids would be correspondingly lower with 
dehydration. With continued addition of kaolinite into the 
system, a stage would arrive when the kaolinite practically 
fills all the sand voids and the shrinkage limit m such a 
critical situation would naturally be the lowest. Any subse- 
quent addition of kaolinite would destroy the continuity of the 
sand particles in the system and the clay attains continuity. 

As such the system is more influenced by the nature of clay 
fraction present and the shrinkage limit variation from the 
critical state would be tending to the value for pure kaolinite. 
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%COARSE SPHERES IN MIX 

FIG. 5*3. BINARY MECHANICAL PACKING OF 
COARSE SPHERES WITH 4ooME - 
SH TUNGSTEN SPHERES 
("AFTER Me GEAR Yj 1961 ) 


VOLUME OF PACKING CM' 
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As such the curve indicating the trend of variation of shrink- 
age limit for any kaolinite sand mix (fig. 5 .2) would generally 
follow a decrease or downward trend up to the critical packing 

t 

situation and an increasing trend then onwards. 

5 A Influence of gram size of participating sand 
in the clay-sand mixes 

In a binary system, it has been theoretically and expe- 
rimentally shown by earlier investigators that the maximum 
packing density that can be achieved is a function of the 
ratio of the participating grain sizes of the two phases. 

The critical packing condition (where all the available voids 
created by the packing of the coarser particles are filled in 
with the finer participants) is attained earlier with the 
decreasing ratio of coarse to fine size. Pig. 5*3 indicates 
such a situation of the dependence of critical packing in a 
binary system on the participating gram sizes as verified 
by Me Geary 

In the present investigation, as can be seen from figs. 
5.1 and 5.2, the critical packing condition indicated by the 
inflexion points of the shrinkage limit curves occurs with 
lesser amount of clay in the clay-sand mixes for finer sizes of 
of sand participating. That is, with increasing fineness of 
the participating sand m the clay-sand mix, the critical 
packing occurs with a lower clay content. 
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It is also interesting to note from the present investi- 
gations that while the critical packing condition is seen to 
exist with clay content between 23 to 35 in. case of kaolmite- 
sand system depending on the grain size of sand, in case of 
bentonite sand system for the corresponding gram sizes of the 
participating sand, the critical packing exists m the region 
of 12 to 2C f/o of clay. This can be explained by the fact that 
bentonite with water swells enormously and as such occupies 
greater volume than equal amount of kaolmlte under identical 
moisture conditions. 
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CHAPTER 6 

X-RAY INVESTIGATION OP SHRINKAGE PROCESS IN BENTONITE 

X-ray diffraction method has been extensively applied 
to study the crystalline structure of clay minerals. It 
has already been discussed that clays constitute of layered 
structures and the surfaces of the layers are electrically 
unbalanced for which water molecules are adsorbed into the 
spaces between each layer depending on the type of clay 
and the amount of charge defficiency, causing hydration 
and volume increase in the clay. The increase m lattice 
spacing in C axis direction due to adsorption of water m 
steps of unit layers has been successfuly verified and cal- 
culated with the help of x-ray diffraction technique by 

8 

Bradley, Grim and Clark and many other investigators. 

During the process of dehydration these adsorbed 
water molecules escape from the clay structure again the 
number of layers going out being integral. Obviously the 
number of unit layers of water escaping depends upon the 
period of drying, temperature to which the wet clay sample 
is exposed and the relative humidity. The present study 
attempts to investigate the effect of time on the dehydra- 
tion of clay sand mixes which are subjected to almost 
identical temperature and humidity conditions. 



39 


X-rays are electromagnetic radiations of very small 
wave lengths of the order of 0.01 to 100 A 0 and the pheno- 
menon of detraction involves the scattering of x-rays hy 
atoms of a crystal m definite directions away from the 
crystal. The direction of the scattered rays is quantita- 
tively related to the distance of separation of atomic 
planes by Bragg's law? n/\ = 2d sm9 

where n is the order of reflections^ is the wave length, 

9 is the reflection angle and d is the mterplanar spacing. 

Each crystalline substance has its own character- 
istic atomic structure which diffracts x-rays m a charac- 
teristic pattern. The analysis of the pattern establishes 
uniquely the diffracting substance. The x-ray diffraction 
method is non-destructive and needs a very small amount of 
material. It can be used for quantitative analysis of mix- 
tures. Detailed information on the application of X-ray 
diffraction technique to study the crystalline clay struc- 
ture and the underlying principles involved m the method 

65 11 

have been given by, Rich & Kunze, (1964), Brindley (l95l)j 

4*7 27 57 

MacEwan (l95l)> George ( 1961 ), Nagelschmidt (1936), Black, 

7 5 

Evans, Ensmmger, White and Clark, Barshad ( 1 949) and 
Nornsfi 8 (l954) 
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6.1 Instrumental set-uu 

X-rays are produced when high speed electrons collide 
on a metal target. The x-ray tubes contain two electrodes, 
an anode (the metal target) maintained with few exceptions, 
at ground potential, and a cathode maintained at high nega- 
tive potential. Vacuum i S maintained Lntfi * tube The cathode 
is a tungsten filament and the anode is a water cooled block 
of copper containing the desired target metal at the end. 

The cathode is connected to a transformer when electrons emit 
and then collide on the anode (target) which m turn emits 
x-rays which pass through windows with screen such that un- 
desired kp radiations are screened and k°t radiations pass 
out. The target is water cooled to prevent melting. 

The x-ray produced is mac’e to fall on the sample mounted 
on a diffractometer which is made to rotate through desired an 
angle. The diffracted x-ray then enters into a movable counter 
and amplifier. The output is fed into an automatic recorder 
with a chart paper on which the diffraction pattern of the 
sample is recorded. The angle of rotation is read on the 
graduated scale of the diffractometer. Further details about 

x-ray diffractometer and technique have been explained by 

35 51 4 

Cullity (1956), McLachlan (1966) and Bacon ( 1 957 ) - 

In the present investigation a General Electric x-ray 
diffractometer with cohalt and chromium targets was used. A 
chart paper speed of 2° /inch and a motor soeed of 2°/min. for 
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the diffractometer were utilised. Reflections scanned with 
500 c.p.s. and 1000 c.p.s. were m the range 18° - 35° with 
Co koc and 6° - 60° with Cr koc . 

6.2 Experimental investigations 

The clay sand mixes chosen for the present study 
consist of very fine sand from 200 - 350 B.S. sieve mixed 
with 2C$, 50$, 70$ of clay by weight of the total mixture. 
The samples were saturated with the same water content at 
which corresponding shrinkage limit tests were performed 
as discussed in the previous chapter. All the samples were 
put to identical temperature and humidity conditions. 

Samples of pure bentonite and the same with different per- 
centages of sand at various stages of dehydration process 
for different time periods were analysed by standard x-ray 
diffraction procedure. The x-ray diffraction patterns were 
analysed to investigate the variation of lattice spacing for 
certain reflections of clay during the process of dehydra- 
tion. 

6 .3 Results and discussion 

The diffraction patterns for various planes are 
shown m fig. (6.4). The reflections selected for the 
purpose of comparison were: 

(l) (00l) reflection corresponding to 12.44 A 0 lattice 

spacing in pure montmonllonite. 
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FIG. 6-1 LATTICE SPACING VARIATION FOR OOI LINE OF MONTMORILLONITE 
WITH TIME DURING DEHYDRATION IN W PURE BENTONITE (Cr K<*) 
(b) 50/.BENT0NITE +50^SAND(Cr K«/c) 20^BENT0NITE+ 80/SAND 
(Cr K 4 *) 
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( 2 ) Reflections corresponding to lattice spacmgs 4*48 A 0 
and 3*35 A®. The variations of lattice spacing with dehydra- 
tion time m hour is given m table. 6.1 and plotted in 
figures 6.1, 6.2 and 6.3 for pure montmonllonnte and mont- 
monllomte with sand. 

The present investigation involves the study of the 
d^ydration process of xnontmorillonite by x-ray diffraction 
method with randomly oriented samples. Consequently the 
patterns for several reflections indicate a gradual dehydra- 
tion even though dehydration m reality is step-wise. Such 
gradual decrease in lattice is noticed m both pure mont- 
m oriilon.it e and the different montmcrillonite sand mixes 
m figures 6.1, 6.2 and 6.3 showing that dehydration is a 
continuous process. 

It has been observed earlier by Bradley, Clark and 
Grin? for Wyoming bentonite that the swelling of the lattice 
during hydration took place m a step-wise fashion. A series 
of four apparently definite and discrete hydrates were found, 
having cell heights of 12.4? 15*4? 18 . 4 and 21 . 4 A°. Near 
the range where any given hydrate is stable, successive 
orders of (OOl) reflections appear for it alone. In inter- 
mediate ranges two suits of (OOl) reflections appear simul- 
taneously, one to be identified with the hydrate next higher 
m the sequence one with the hydrate next lower. 
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In the ix study they used oriented aggregates m which 

the basal cleavages were substantially parallel. Hofmann, 

working with powders, failed to check their conclusions, but 

43 

later Hofmann and Housdorf, using oriented aggregates, also 

concluded that the hydration of montmonllomte took place by 

the formation of successive monomolecular layers of water. The 

32 

latter investigators and later Hendricks and Jefferson have 
shown theoretically that powder diffraction should indicate 
that the c-axis-dimension spacing varies continuously but not 
uniformly with water content, and this apparently would be a 
result of an averaging effect from a lattice that contains 
various numbers of water layers m different parts. That is, 
the apparently continuous change m c dimension results from a 

a random alternation of successive discrete hydrates. 

25 

Fripiat, Chaussidon and Tauillaux have studied the 
dehydration phenomena of montmonllomte by infrared spectro- 
scopy and have also shown that the dehydration process of 
montmonllomte observed m a random sample is continuous 
despite the stepwise hydration with discrete water molecules 

being adsorbed. According to Fripiat, Chaussidon and Taui- 
25 

llaux, during dehydration one reflection only, characteristic of 
of mterstratifi cation, can be observed. In the present 
investigation the (001 ) reflection corresponds to 12.44 A 0 
which expands m c dimension after saturation and its 
decrease with dehydration time is noticed to be continuous 
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though not stepwise. This is because of the random orienta- 
tion of the particles in the clay m the sample tested. Also 
Roderick^ and Senicl^(l966) have investigated on the hydration 
end dehydration of montmonllomte leached with sodium and 
calcium chlorides. According to their reports the observed 
first order basal spacing changes m a continuous but non- 
uniform manner; continuity is due to simultaneous existence 
of varying number of molecular layer of interlayer water. 

The expansion occurs m three increments; prior to each 
increment, most clay plate-lets are at one separation cor- 
responding to an integral number of molecular layers of water. 
The relation between relative humidity and basal spacing 
depends on the source and method of preparation of sample, 
the initial condition of the sample and whether data is 
collected during adsorption or desorption. 

The same report says during desorption the 3A° and 
5 A° regions contained the most intense secondary reflec- 
tions which were explained on the basis of layer electron 
density distribution m the clay structure. The present 
set of records reflect such type of intense peaks m the 
same region and this can be concluded as a positive beha- 
viour of the montmonllomte clays. 
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From the figure 6.1 it is observed that in the initial 
stages swelling in moist montmonllomte stabilises m the 
first 24 hours after which the actual dehydration process 
starts. It is also noticed that the rate of dehydration 
seems to be high during initial stages and the curve flattens 
out towards the end. Such behaviour is pronounced also with 
montmonllomte sand mixtures. 

However, the rate of dehydration for montmonllomte 
with sand is different from that m pure montmonllomte 
depending on the percentage of sand in the mixture. With 
higher sand content the rate of dehydration is lower as can 
be clearly seen m figure. 

From fig. 6.2 and 6.3 it is observed that for other 
reflections also the corresponding nature of dehydration is 
similar but the rate of change of lattice spacing with time 
is very small m both pure montmonllomte and montmonllo- 
nite mixed with sand. The changes are not as conspicuous as 
with (001 ) reflections which indicates tc the anisotropic 
shrinkage behaviour of montmonllomte. The shrinkage or 
swelling is maximum in c direction. 

6.4 Summary 

The conclusions from x-ray study can be summarised 
as: 

(l) It takes about 24 hours for moist ncntmorillcmte 
to stabilise and m this period the lattice is seen to he 
under adjustment dunng swelling. 
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(2) During dehydration the lattice water (inter layer water) 
in the montmorillomte participates. 

(3) The swelling and shrinkage of montmorillomte is aniso- 
tropic, the maximum being m c direction (perpendicular to 

001 plane). 

( 4 ) Even though the water molecules adsorbed are m integral 
number, no discrete or stepwise variation of lattice spacing 
during shrinkage is noticed. The changes m lattice spacing 
m montmorillomte are gradual due to random orientation of 
the sample and differing states of hydration of different 
planes. 

( 5 ) The rates of variations of lattice spacing during 
dehydration for various planes for pure montmorillomte is 
different from that m montmorillomte along with sand indi- 
cating the influence of sand on the dehydration rate of mont- 
monllomte. 

Before actual dehydration starts the magnitude of the 
(OOl ) basal spacing m c direction for pure montmorillomte 


is higher than that in a montmorillomte sand mixuure. 
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CHAPTER 7 

SYNTHESIS 

The present investigations -were mainly concerned with 
the influence of clay composition, percentage of the partici- 
pating clay as also of the gram size of the sand phase m 
heterogeneous clay-sand systems on the swelling and shrinkage 
behaviour of the system. As stated m the chapters 5 and 4? 
not much lias been done by the earlier workers on these aspects. 
In nature, any soil can be approximated to a heterogenous 
system with granular and colloidal phases. It can be a binary 
system (involving only two phases) or it can also be a ternary 
or quarternary system depending upon the gram sizes of the 
phases involved. As such m understanding the engineering 
behaviour of a soil, a basic understanding of the role and 
participation of the individual phases or constituents m the 
multiphase system, soil, is necessary and relevant. With that 
view the investigations that have been conducted comprise the 
present work and the basic conclusions that were arrived at 
on the basis of such a study are as follows: 

1 ) Except at a very low percentage of the participating 
clay , the shrinkage index of the system has a signifi- 
cant linear variation with clay (bentonite) content 

m a clay-sand system. 

2) The finer the gram size of the inert component (sand) 
m the system, the greater is the slope of the curve 
of variation of shrinkage index with clay percentage. 
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3 ) The variation of shrinkage limit m a clay-sand system 
depends upon the state of packing of the individual 
grains. The variation takes nlace at two rates - one 
up to the critical packing condition (until which the 
clay particles continue to occupy the sand voids) and 
the other beyond that condition wherein the clay parti- 
cles attain a continuity and influence predominantly 
the system. 

4) In case of kaolimte sand system, as expected m an 
inert-inert binary system, since the moisture mainly 
occupies the pore spaces, the shrinkage limit falls 
down with increasing clay content m the system until 
the critical packing condition where it touches a 
minimum value. Beyond this stage, further additions of 
of clay brings in continuity all the clay fraction 

and the system starts building up the shrinkage limit 
with a tendency to reach the pure clay value. 

5) However, in the bentonite-sand systems, a drastic 
deviation to this general behaviour is noticed due 
active nature of bentonite. In bentonite considerable 
moisture is taken m the mterlayered space m the 
lattice and as such dehydration depends upon the state 
of existance of bentonite particles. Up to the criti- 
cal packing condition, the clay particles are isolated 
and the system surface is hardened and the dehydration 
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xs retarded with a consequent increase m the shrinkage limit 
reaching a maximum at the critical packing condition. Any 
subsequent addition of clay would bring down the shrinkage 
limit since the clay particles attain a continuity within 
themselves and with the system surface. Rapid dehydration is 
possible under such circumstances. 

6) For any particular grain size of participating sand m the 
clay-sand-system, with bentonite the critical shrinkage value 
corresponding to the critical packing condition is reached 
earlier (at lower participating clay percentage) than with 
kaolimte m the system. This can be easily understood since 
bentonite with water occupies a greater volume than equal 
percentage (by weight) of kaolimte with water and consequently 
the sand voids can be filled up quicker with bentonite than 
with the same amount of kaolimte. 

7) With increasing fineness of the participating sand m a clay- 
sand system, it has been found that the critical packing con- 
dition corresponding to the critical shrinkage limit value 
reaches earlier (with lesser clay content). 

8) X-ray studies have indicated that when a bentonite-send system 
is prepared at certain moisture condition, usually it takes 
about 24 - 26 hours for the bentonite to stabilize m swelling 
till which time the lattice expands. Shrinkage m lattice 

is seen only after that period m case of bentonite. 
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9) It was also observed, from the x-ray diffraction studies, 
that the rate of dehydration of montmonllomte (the 
dominant constituent of bentonite) is influenced by the 
sand fraction that is present m the system and that 
the lattice water participates m the dehydration 
process. 

10) The changes in the lattice for montmonllomte either 
during hydration or dehydration are pronounced for the 
001 planes (m c-direction) than m any other direction 
indicating the anisotropic behaviour of montmonllomte 
swelling and shrinkage. 

11 ) For unoriented samples, it was observed for hydration 
or dehydration, a gradual increase or decrease respec- 
tively of the lattice is noticed. Though hydration or 
dehydration is discrete and stepwise (with integral 
number of water molecules involved), due to random 
orientation of the sample a gradual change is recorded 

m x-ray patterns. Thishas also been observed by earlier 
workers as stated in the preceding chapters. 
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